Abstract. Polyamine levels are elevated in the organs and tissues of cancer patients due to increased synthesis and active intercellular transport in cancer cells. Because increased polyamine levels are associated with poor prognosis, the effect of polyamines on the malignant potential of cancer cells was investigated. Highly metastatic colon cancer cells (HT-29) were cultured under either normoxia (21% O 2 ) or hypoxia (2% O 2 ) for 48 h with 0, 100, or 500 μM spermine, one of the natural polyamines with the strongest biological activity. Spermine supplementation ameliorated MTT metabolism of hypoxic cancer cells in a dose-dependent manner, but had no effect on cells cultured under normoxia. Hypoxia decreased cancer cell CD44 and E-cadherin expression, while CD44 expression further decreased by spermine in a dose-dependent manner. By comparing cells cultured under normoxia with increasing amounts of spermine, we found that CD44 expression decreased by 11% (0 μM spermine), 14% (100 μM), and 18% (500 μM), and was accompanied by comparable decreases in CD44 mRNA levels. Martigel invasion assay showed that hypoxia increased the number of invading cells, and spermine further enhanced the hypoxia-induced increase in the number of invading cells in a dose-dependent manner. The numbers of invading cells cultured with 0, 100, and 500 μM spermine under hypoxia were 2.3, 2.8, and 3.2 times greater, respectively, compared to cells with 0 μM spermine under normoxia. Increased extracellular spermine enhances the invasion potential of cancer cells under hypoxia.
Introduction
The polyamines, spermine and spermidine, and their precursor, putrescine, are polycations that exist in all mammalian cells (1) . They are indispensable for cellular growth and differentiation and are also involved in many physiological functions such as signal transduction and gene expression (1, 2) . In organs and tissues where cellular growth is active, such as malignant tumors, intracellular enzymatic activities for polyamine synthesis and polyamine concentration are increased (1, 3) . In addition to intracellular de novo synthesis, cells can actively transport polyamines from their surroundings, which increases polyamine concentrations in otherwise normal tissues and organs, including blood cells, and urinary excretion of polyamine is often observed in cancer patients (3) (4) (5) .
Increased polyamine levels in the body and urinary excretions are reported to be associated with enhanced malignant potential (4, 5) . Because polyamines are essential for cell growth, increased polyamine levels could reflect enhanced tumor cell proliferation. However, factors directly influencing cancer prognosis include the capability of cancer cells to metastasize to distant organs and invade surrounding tissues and organs. Therefore, the effect of polyamines on the metastatic and invasion potential of cancer cells and the factors that promote this potential require investigation.
One example of how cancer cells enhance metastatic potential is provided by the cellular response to hypoxia. In solid tumors such as those in colorectal cancer, there are scattered regions where oxygen delivery is compromised due to diffusion limitations, structural abnormalities of tumor microvessels, and disturbed microcirculation (6) . One mechanism by which hypoxia enhances malignant potential is attenuation of cancer cell adhesion through the suppression of adhesion molecule expression (7, 8) . Adhesion molecules are proteins located on the cell surface that are involved in intracellular binding and binding between cells and the extracellular matrix. Therefore, decreases in adhesion molecule expression can promote cancer cell migration and in turn initiate cancer metastasis and invasion. The adhesion molecule CD44 and E-cadherin are shown to be involved in cancer metastasis and invasion and have decreased expression in response to hypoxia (9, 10) .
Hypoxia also affects polyamine metabolism by increasing polyamine uptake and concurrently decreasing enzymatic activity needed for polyamine synthesis (11, 12) . We showed that spermine and spermidine uptake by human peripheral blood mononuclear cells decreases the expression of leukocyte function-associated antigen 1 (LFA-1) and its associated cellular functions in a dose-and time-dependent manner (13, 14) . Therefore, we hypothesized that in cancer tissues where polyamine concentration is increased, hypoxia-induced increases in polyamine uptake by cancer cells may affect expression of adhesion molecules involved in initiating cancer metastasis and invasion.
In this study, we selected spermine because previous studies showed that spermine has the most potent effect on LFA-1 expression (13, 14) . The effects of spermine on factors that initiate cancer metastasis and the invasive potential of cancer cells were investigated.
Materials and methods
Cell culture and hypoxic exposure. HT-29, a human colorectal carcinoma cell line having potent metastatic ability, was purchased from American Type Culture Collection (Manassas, VA, USA). Cells were routinely grown in Opti-MEM 1 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 5% (v/v) heat-inactivated human serum (Hyclone, Logan, UT, USA) and 50 U/50 μg/ml penicillin/streptomycin (Invitrogen), at 37˚C in a humidified atmosphere containing 5% CO 2 . In the previous studies, we have shown that spermine ≤1 mM is not toxic to cultured cells when cultured in a culture medium supplemented with human serum, but not with bovine serum in which the activities of amine oxidases are found (13, 14) .
Cells were then seeded in a 6-well culture plate (Corning, Lowell, MA, USA) at a density of 1x10 5 cells/cm 2 and cultured overnight at 37˚C in a humidified atmosphere containing 5% CO 2 . The culture medium was then replenished with either the medium (Opti-MEM 1) alone, or medium supplemented with spermine at a final concentration of 100 or 500 μM. Cells cultured under normoxic condition (21% O 2 ) were subsequently cultured in the same condition. For hypoxic exposure (2% O 2 ), cells were placed in an airtight modulator incubator chamber (Billups-Rothenburg, Del Mar, CA, USA), and hypoxic (2% O 2 , 5% CO 2 , and 93% N2) gas was supplied to the chamber. The chamber was then sealed and placed in an incubator (37˚C). The oxygen concentration in the chamber was monitored with an Oxygen Analyzer (Maxtec, Salt Lake City, UT, USA).
Immunofluorescent staining. Hypoxic exposure of cultured cells was verified using immunofluorescent staining to detect hypoxia-inducible factor-1 (HIF-1·) expression. Cells were seeded (1x10 5 cells/cm 2 ) in a Lab-tek II Chamber Slide System (Nunc, Rochester, NY, USA), and cultured under the various conditions mentioned above. Cells were then fixed with 4% formaldehyde for 20 min. After washing twice with phosphate-buffered saline (PBS) supplemented with 0.05% Tween-20 (PBS-T), cell permeabilization was performed with PBS containing 0.1% Triton X-100 (Sigma-Aldrich, Saint Louis, MO, USA). Cells were then washed three times with PBS-T, followed by 1 h blocking with 1% bovine serum albumin (BSA) in PBS. The cells were washed twice with PBS-T and incubated overnight 4˚C with the primary antibody (anti-human HIF-1·, Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:50 with blocking solution. After three washes with PBS-T, the secondary antibody was incubated with Alexa Fluor 488 conjugated anti-mouse F(ab)'2 fragment IgG (Invitrogen) for 1 h in the dark. The cells were then washed three times with PBS-T, and a coverslip was mounted using Vectashield Hard Set mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA). The mounted slide was kept overnight at 4˚C to ensure complete immobilization, and then examined with a confocal fluorescent microscope (FV500, Olympus, Tokyo, Japan). The observed images were acquired using Fluoview software version 4.3 (Olympus). For a positive control, cells were treated with 150 μM COCl 2 , which mimics the hypoxic response and upregulates HIF-1· expression (15 
Measurement of polyamine concentration in cancer cells.
Cancer cells cultured in various conditions were harvested and washed three times with excess PBS to remove extracellular spermine. Intracellular polyamine concentrations were then quantified by reverse-phase high-performance liquid chromatography (HPLC). Intracellular polyamines were extracted as described previously with some modifications (16) . Briefly, a pellet of 1x10 6 cells was sonicated and mixed with 50 μl 0.6 M perchloric acid. After centrifugation (12,000 x g, 10 min, 4˚C), the supernatants were collected and kept at -20˚C until analysis.
The supernatants (50 μl) were mixed with 300 μl dansyl chloride (10 mg/ml), 50 μl 4 μM 1,7-diaminoheptane (as an internal standard), and 50 μl saturated sodium carbonate solution and incubated for 15 min at 70˚C. The resulting mixture was then incubated with 25 μl proline solution (100 mg/ml) for 5 min at 70˚C. Dansylated polyamines were extracted in 500 μl toluene and mixed for 30 sec. After mixing, the organic phase was removed, dried, and re-dissolved in 500 μl acetonitrile. Finally, 10 μl sample was injected onto the HPLC system (Shimadzu, Kyoto, Japan), using a Capcell Pak C18 MG column (4.6x35 mm internal diameter, 3 μm particle size; Shiseido, Tokyo, Japan). The column temperature was set at 50˚C, and the flow rate was 0.9 ml/min with a twosolvent gradient (solvent A: 55% 10 mM ammonium phosphate + 45% acetonitrile, pH 4.4, solvent B: 100% acetonitrile). The compounds were detected with excitation and emission wavelengths of 360 and 500 nm, respectively. The data were collected and analyzed using LC Workstation chromatography software (Shimadzu).
Fluorescent activated cell sorting (FACS) analysis.
A FACScan flow cytometer (FACSCalibur, Becton-Dickinson) with analysis software (CellQuest) was used for analyses. The following antibodies were used for single-color analysis: FITC-conjugated anti-human CD44, PE anti-CD29, PE anti-CD49b, FITC anti-CD25, FITC anti-CD40, and Via-Probe (Becton-Dickinson). Cells cultured in various conditions were detached from the culture plate using cell dissociation buffer (Accutase, Sigma-Aldrich). The collected cells were washed twice with PBS, after which 5x10 5 cells were suspended in PBS with 0.5% BSA and incubated with each designated antibody (1:50 dilution rate) for 1 h at 4˚C in the dark. Negative controls were obtained by substituting the monoclonal antibodies with properly matched isotypes. For the analysis, 1x10 4 cells were gated. Cell viability was assessed using ViaProbe (Becton-Dickinson, Franklin Lakes, NJ, USA) in a manner similar to that mentioned above.
Western blotting. Cells cultured in various conditions were lysed with Cell Lysis Buffer (Epitomics, Burlingame, CA, USA) with 1 mM phenylmethylsulfonyl fluoride (SigmaAldrich) and 20 μl/ml protease inhibitor mix (GE Healthcare, Buckinghamshire, UK) for 5 min on ice. The lysates were scraped and centrifuged at 14,000 x g for 10 min at 4˚C. The supernatants were collected and the protein concentration was determined by bicinchoninic acid method using the BCA protein assay kit (Pierce, Rockford, IL, USA).
The protein extracts were boiled at 95˚C for 3 min with equal amounts of 2X Laemmli sample buffer. Total protein (20 μg) was separated by SDS polyacrylamide gel electrophoresis using a 7.5%-T gel (Bio-Rad Laboratories, Hercules, CA, USA) and transferred overnight onto Immobilon-P polyvinylidene fluoride membrane (Millipore). After blocking with 5% non-fat dried milk in TBS-T (50 mM Tris, 150 mM NaCl with 0.1% Tween-20) for 1 h, the membrane was incubated overnight at 4˚C with anti E-cadherin antibody (Becton-Dickinson) diluted 1:500 dilution in TBS-T. A horseradish peroxidase-conjugated anti-mouse IgG (GE Healthcare) diluted 1:5000 in TBS-T was used as a secondary antibody and incubated with the membrane for 1 h. The antibody-bound proteins were detected by enhanced chemiluminescence system (GE Healthcare). The acquired images were scanned and the intensity of each signal was quantified by densitometric analysis software (Image J) provided by the National Institute of Health (USA). ·-tubulin antibody (Santa Cruz) diluted 1:10000 in TBS-T was used as an internal control.
Real-time reverse transcription polymerase chain reaction.
The expression of CD44 mRNA was assessed by real-time reverse transcription polymerase chain reaction (real-time RT-PCR). Isolation of RNA and synthesis of cDNA was performed using the Cells-to-C T kit (Ambion, Austin, TX, USA) according to the manufacturer's protocol. Briefly, cells were seeded (1x10 5 cells/cm 2 ) in a 96-well culture plate (Corning) and cultured as described above. After treatment, lysis solution with DNAase was added to each well. The lysate containing total RNA was collected, and RNA was reverse transcribed to cDNA using RT Enzyme Mix.
For real-time RT-PCR, 100 ng cDNA was used for amplification in a 20-μl reaction cocktail with TaqMan Gene Expression Master Mix (Applied Biosystems, Foster City, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The primer and probe sets were purchased from Applied Biosystems (TaqMan Gene Expression Assays, Assay ID: Hs00153304_m1 for CD44, and Hs99999905_m1 for GAPDH). The real-time RT-PCR was performed using the 7900 HT Sequence Detection System (Applied Biosystems). The thermal cycling conditions consisted of two holding stages at 50˚C for 2 min and 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. All PCR assays were run in triplicate. The results were analyzed using the SDS software version 2.1 included with the system.
Matrigel invasion assay.
To assess the cellular invasive potential, Matrigel invasion assays were performed using the BioCoat™ Matrigel invasion assay chamber system (Becton-Dickinson) with a membrane with an 8-μm pore size. After culturing overnight in serum-free medium (Opti-MEM 1), 5x10 4 cells in 0.5 ml of the same serum-free medium were harvested in culture inserts and 0.75 ml of the same medium containing 10% heat-inactivated human serum was loaded as a chemoattractant to the bottom of each well (24-well companion plate, Becton-Dickinson). After 48 h of normoxic or hypoxic treatment with or without spermine, non-invaded cells were removed from the insert membranes by cotton swabs. The membrane was mounted onto a slide glass and the invaded cells were then stained using the Diff-Quik staining kit (Sysmex, Kobe, Japan). The number of invaded cells was counted in 10 random fields at magnification x200 in each set of experiments using an inverted microscope.
Statistical analysis. Data are expressed as mean ± standard deviation (SD). All statistical analyses were performed using SPSS version 11.0 for Windows (SPSS, Chicago, IL, USA). For MTT assay, a correlation between MTT metabolism and spermine concentration was assessed by Pearson's correlation test. Other quantitative data were analyzed by One-way ANOVA test, followed by post hoc Dunnett test. A p<0.05 was considered statistically significant.
Results

Morphological changes and HIF-1· expression.
When compared to the microscopic appearance of cells cultured under normoxia, cells cultured under hypoxia exhibited decreased cell-to-cell contact, loss of polarity, and membranous extension. However, spermine did not seem to affect morphological features either under normoxia or hypoxia (Fig. 1A) .
Although HIF-1· expression was not detected in cells cultured under normoxic conditions, there was strong staining for HIF-1· in cells cultured under hypoxic conditions (2% O 2 ) for 48 h (Fig. 1B) . HIF-1· expression was detected mainly in the nuclei and was comparable to that of cells treated with 150 μM COCl 2 , which served as a positive control. Although hypoxia induced significant HIF-1· expression, spermine did not affect HIF-1· expression either under normoxia or under hypoxia.
MTT assay. As shown in Fig. 2 correlation analysis showed a moderate positive correlation between MTT metabolism and spermine concentrations (r=0.546, p=0.001). However, no apparent effects of spermine were observed on cells cultured under normoxic conditions (r=0.641, p=0.117) (Fig. 2) .
Effect of hypoxia and extracellular spermine on intracellular polyamine concentrations. Intracellular spermine concentrations were not affected by either hypoxic treatment alone or supplementation with 500 μM spermine under normoxic conditions. However, 500 μM extracellular spermine increased spermine concentrations in cells cultured under hypoxic conditions (Table I) . Hypoxia without spermine supplementation decreased intracellular spermidine concentrations, and 500 μM extracellular spermine decreased spermidine concentrations either under normoxia or hypoxia. Hypoxia seemed to attenuate the decrease in spermidine concentrations induced by extracellular spermine, because spermidine concentrations in cells cultured with 500 μM spermine under hypoxia was significantly higher than that of cells cultured with the same spermine concentration under normoxia.
Effects of hypoxia and extracellular spermine on adhesion molecules. The expression of CD44 was decreased (11%) on cells cultured under hypoxic conditions as compared to normoxic control cells (spermine 0 μM), and its expression was further decreased in a spermine dose-dependent manner (14% for 100 μM, and 18% for 500 μM) (Table II) . In contrast, spermine did not affect CD44 expression on cells cultured under normoxic conditions. The effect of spermine under hypoxic conditions was observed only for CD44, as the expression of CD29 or CD49b was not affected either by hypoxic exposure and/or spermine. Among membrane molecules examined, CD25 or CD40 were not expressed on HT-29 cells in any of the experimental settings tested.
Cell viability as assessed by Via-Probe indicated that hypoxia resulted in an approximately 11% decrease in cell viability compared with that of normoxic control (0 μM spermine). Spermine did not affect expression of Via-Probe on cells cultured under either normoxic or hypoxic conditions (Table II) .
Unlike CD44, CD29, and CD49, the expression of Ecadherin is greatly affected during cell dissociation, so the amount E-cadherin expression was assessed by Western blotting. E-cadherin expression decreased considerably in cells cultured under hypoxia as compared to those cultured under normoxia. However, spermine did not affect E-cadherin expression under either normoxic or hypoxic conditions (Fig. 3) . Table I . Spermine concentration in normoxia and hypoxia. - Table II . Effects of hypoxia and extracellular spermine on adhesion molecules. -----------------------------------------------------------------------------------------------------Figure 3 . Suppression of E-cadherin expression by hypoxia. The amounts of E-cadherin in lysates of cells cultured under various conditions were measured by Western blotting. The amounts of E-cadherin and ·-tubulin (as an internal control) were calculated by Image J software. Upper graph, the amounts of E-cadherin are expressed relative to the expression of ·-tubulin in corresponding cell lysates. The data indicate the mean ± SD (n=7). Lower picture, representative data for E-cadherin and ·-tubulin expression.
-------------------------------------------------Extracellular spermine ----------------------0 μM 500 μM -------------------------------------------------
Effect of hypoxia and spermine on the expression of CD44 mRNA. Similar to the results of flow cytometric analysis, spermine did not affect CD44 mRNA expression under normoxic conditions. CD44 mRNA levels in cells cultured with 0 μM spermine under hypoxic conditions were 20% lower than those in cells with 0 μM spermine under normoxic conditions. Spermine augmented the hypoxia-induced decrease in CD44 mRNA expression in a dose-dependent manner, and its expression in cells cultured with 100 and 500 μM spermine under hypoxia was decreased by 26 and 33% respectively, when compared to that of cells cultured with 0 μM spermine under normoxia. As a result, CD44 mRNA expression in cells cultured with 100 and 500 μM spermine under hypoxia was significantly lower than that in cells cultured with 0 μM spermine under normoxia (Fig. 4) .
Effect of hypoxia and spermine on cellular invasive potential. Fig. 5A displays microscopy images of cells in a Matrigel invasion assay for each experimental setting (original magnification x200). The number of invaded cells cultured with 0 μM spermine under hypoxia was 2.3 times greater than those with 0 μM spermine under normoxia. Spermine increased the number of invaded cells under hypoxic conditions in a dose-dependent manner, while it did not influence the number of invading cells under normoxic conditions. When comparing the number of cells cultured with 0 μM spermine under normoxia, the number of migrated cells cultured with 100 and 500 μM spermine under hypoxia increased to 2.8-and 3.2-fold, respectively.
Discussion
Increases in polyamine in localized parts of the body are reflected in all tissues and organs because polyamines are transferred intercellularly (5, 11, (17) (18) (19) . Both cancer cells and non-tumor cells take up polyamines from their surroundings, and the uptake of polyamine, especially spermine, directly affects several cellular functions (13, 14, 20) . In cells exposed to chronic hypoxia, polyamine synthesis is decreased, while the rate of polyamine uptake from cellular surroundings is increased (21, 22) . Such metabolic alterations induced by hypoxia are reflected in the results of our study, i.e., hypoxiainduced decreases in spermidine concentrations may result from decreased polyamine synthesis, and increased intracellular spermine following extracellular spermine supplementation in hypoxic cells suggests increased polyamine uptake. Moreover, the decreased spermidine concentrations induced by extracellular spermine that are normally observed under normoxic conditions was attenuated by hypoxia, which suggests a dysregulation of hypoxia-induced homeostasis necessary to maintain intracellular polyamine levels.
In cancer tissues, hypoxia is a strong selective pressure that promotes the invasion and metastasis of cancer cells that have a diminished susceptibility to apoptosis. The cellular response to low oxygen tension involves the stabilization of a hypoxia inducible factor-1 (HIF-1) transcriptional complex that activates genes involved in angiogenesis, anaerobic metabolism, cell survival, and invasion (23) . Increased intracellular polyamines activate spermidine/spermine N 1 acetyltransferase (SSAT), and polyamines act as nitric oxide (NO) donors. Previous studies reported increased SSAT and NO donor levels under hypoxic conditions that seem to promote HIF-1 degradation (24, 25) . HIF-1 degradation may negatively impact cellular survival, although in this study increased spermine availability under hypoxic conditions did not decrease HIF-1 expression but instead sustained cell viability and maintained proliferation and metabolism of cancer cells exposed to hypoxia. Because polyamines are indispensable for cellular function, survival, and growth, and enhanced polyamine uptake is considered to be essential for solid tumors undergoing hypoxia (18) , the beneficial effects of polyamine may overcome specific mechanisms that would impede cellular survival.
Compared to normal epithelia, cancer cells almost invariably have diminished adhesion (26) . Intercellular adhesion and the adhesion between the cell and extracellular matrix is regulated by several adhesion molecules such as CD44, E-cadherin, and integrins. Hypoxia suppresses the expression of several adhesion molecules and promotes changes that lead to a malignant phenotype, since reduced expression of these molecules enhances detachment of cancer cells from the primary tumor cluster and contributes to increased invasive potential (10, (27) (28) (29) . As observed in previous reports, we confirmed hypoxia-induced decreases in CD44 and E-cadherin expression by HT-29 cancer cells. However, we did not detect decreases in the expression of integrins, such as CD29 and CD49b, which are known to be decreased by hypoxia (10) . One reason why we did not observe decreased expression in these proteins may be because their suppression is only very transient following exposure to hypoxia (10) .
In conjunction with hypoxia, spermine specifically augments hypoxia-induced decreases in CD44 expression, and these decreases correlated well with increased migration of HT-29 cells. Reduced CD44 expression is reported to promote cancer metastasis and invasion, allowing detachment of cancer cells from the primary tumor cluster and seems to contribute to the increased migration capacity of hypoxic HT-29 cells (28, 29) . Because spermine did not induce further suppression of E-cadherin expression in hypoxic cells, spermine seems not to be involved in the mechanisms contributing to hypoxia-induced changes in E-cadherin expression. The mechanisms by which spermine selectively suppresses CD44 as well as the effect of spermine on variant forms of CD44 that have been shown to correlate with increased metastatic potential and poorer prognosis should be further investigated (30) (31) (32) .
Here we have shown that spermine enhances hypoxiainduced cell migration and decreases CD44 expression of highly metastatic cancer cells. We believe that these results will provide novel insights for the treatment of cancer patients by polyamine restriction, which has been shown to have a favorable impact on the quality of life as well as to promote prolonged survival of tumor-bearing animals (33) (34) (35) .
